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potential	 evapotranspiration.	At	 a	 regional	 scale,	 rainforests	 showed	preference	 for	












The	 global	 extent	 of	 closed	 canopy	 tropical	 rainforests	 and	 savan-
nas	 is	 determined	 by	 climate,	 especially	 mean	 annual	 precipitation	
(Lehmann	et	al.,	2014;	Murphy	&	Bowman,	2012).	However,	at	around	
1,000–2,000	mm/year	rainforest	and	savanna	form	vegetation	mosa-
ics	 (Hirota,	Holmgren,	van	Nes,	&	Scheffer,	 2011;	 Staver,	Archibald,	
&	Levin,	2011a,	2011b).	Tropical	savannas	are	characterized	by	a	low	








of	fire	and	 soils.	One	view	 is	 that	edaphic	 factors	 like	 soil	nutrients	
are	the	main	control	of	rainforest–savanna	mosaics,	and	fire	is	not	a	















particularly	 N	 concentration	 and	 availability	 (Schmidt	 &	 Stewart,	






depends	 on	 landscape	 fire	 history	 (Bond	 et	al.,	 2005;	 Dantas,	 Hirota,	



















types	 of	vegetation	 (Dahlin,	Asner,	&	 Field,	 2014;	 Fensham,	 Fairfax,	
&	 Archer,	 2005;	 Murphy	 et	al.,	 2010).	 However,	 there	 has	 been	
surprisingly	limited	analysis	of	rainforest–savanna	mosaics	at	a	regional	
level.	 In	an	 important	pioneering	study,	Ash	 (1988)	synthesized	data	
from	topographic	maps,	aerial	photography,	and	field	data	to	create	a	
model	of	the	environmental	controls	of	rainforests	and	savanna	veg-
etation	 in	the	wet	tropics	of	North	Queensland	 (Australia),	 to	assess	
the	relationship	between	rainforest	location	and	environmental	char-





































Australian	 monsoon	 tropics,	 we	 analyzed	 existing	 subcontinental-	
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•	 At	 a	 regional	 scale,	 topography	 and	 geology	 affect	 rainforest	
distribution;
•	 At	 a	 local	 scale,	 the	 importance	 of	 insularity	 and	 topography	 is	











The	 Australian	monsoon	 tropics	 are	 characterized	 by	 a	 pronounced	
wet	 and	 dry	 seasons	 associated	 with	 the	 Australian	 summer	 mon-
soon	(Bowman	et	al.,	2010).	This	region	includes	the	whole	of	north-
ern	Australia	except	 the	Australian	wet	tropics	 in	North	Queensland	





1991).	 These	 rainforests	 have	 floristic	 and	 biogeographic	 affinities	
with	 wet	 tropical	 rainforests	 in	 both	 Asia	 and	 Australia.	 They	 have	
been	 intensively	 studied	given	 their	unusual	biogeography	and	ecol-






Russell-	Smith,	1991).	The	 locus	of	 the	subcontinental	 study	was	 the	
Australian	 monsoon	 tropics	 west	 of	 the	 Carpentarian	 Gap	 biogeo-
graphic	divide,	which	separates	the	biota	of	the	Northern	Territory	and	
Western	Australia	 from	Cape	York	Peninsula	 (Bowman	et	al.,	 2010).	














in	northern	Australia,	has	 limited	spatial	variability	 in	 rainfall	 (1,200–
1,400	mm),	which	allowed	us	to	identify	ecological	factors,	other	than	
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The	Wunambal	Gaambera	Country	occupies	an	area	of	9,144	km2,	
dominated	by	biodiverse	tropical	savannas	occurring	on	deeply	weath-



















Trauernicht,	 Brook,	Murphy,	Williamson,	 &	 Bowman,	 2015;	Vigilante,	
Murphy,	&	Bowman,	2009).	The	cessation	of	Aboriginal	fire	management	





2.2 | Rainforest mapping and analyses
2.2.1 | Subcontinental scale—climatic drivers of 
rainforest density
The	 distribution	 and	 areal	 extent	 of	 the	 rainforests	 in	 the	 north-
western	 Australian	 monsoon	 tropics	 was	 determined	 by	 blending	
existing	 vegetation	maps.	 Total	 coverage	 of	 rainforest	 in	Western	
Australia	and	Northern	Territory	was	calculated	for	a	 lattice	of	grid	
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cells	 50	×	50	km	 in	 area.	 The	 Western	 Australia	 map	 (1:200,000)	
was	derived	from	Kimber,	Forster,	and	Behn	(1991),	who	used	semi-	
automated	classification	of	Landsat	 imagery	 taken	 in	1986	and	did	
not	differentiate	floristics	or	 structure	 variation	among	 rainforests.	
The	 Northern	 Territory	 vegetation	 data	 (1:80,000),	 based	 on	 in-
terpretation	 of	 aerial	 photography	 classified	 according	 to	 Russell-	
Smith	 (1991),	were	 supplied	 by	 the	Department	 of	 Land	Resource	
Management,	©	Northern	Territory	of	Australia.	In	calculating	rain-
forest	 coverage	 in	 the	Northern	Territory	 lattice	cells,	we	 selected	
both	dry	and	wet	rainforest	types	because	they	are	structurally	and	
floristically	 similar	 to	 the	Western	Australian	 rainforests	 (Bowman,	
1992;	Kenneally	et	al.,	1991).	We	combined	 the	Western	Australia	
and	Northern	 Territory	 data	 to	 create	 a	map	 of	 the	 northwestern	
rainforest	domain,	extending	from	11.00°S	to	18.00°S	in	latitude	and	
from	122.14°E	to	138.00°E	 in	 longitude	 (Figure	1).	This	 resulted	 in	
192	and	63	grid	cells	in	the	Northern	Territory	and	Western	Australia,	
respectively.	 For	 each	 grid	 cell,	 mean	 annual	 rainfall,	 precipitation	
seasonality	(coefficient	of	variation	of	monthly	rainfall	expressed	as	a	
percentage),	potential	evapotranspiration,	moisture	index	(mean	an-






and	 PET	 database	 (Zomer,	 Trabucco,	 Bossio,	 &	 Verchot,	 2008).	
Minimum,	 maximum,	 and	 median	 values	 of	 the	 climatic	 variables	
were	calculated	separately	for	the	Western	Australia	and	Northern	
Territory	grid	cells.
2.2.2 | Regional scale—regional drivers of 
rainforest density
We	 generated	 a	map	 of	 the	 rainforests	 in	 the	 northern	 Kimberley,	


















map.	A	 confusion	matrix	was	 generated	 to	 calculate	map	 accuracy,	
omission	and	commission	errors,	and	kappa	coefficient	of	agreement	
(Congalton,	1991).





category,	 based	on	 the	predominant	 geology	 type	 in	 each	1	×	1	km	
cell;	and	(2)	the	topographic	category,	based	on	the	predominant	topo-
graphic	 position	 index	 (TPI;	 Jenness,	 2006)	 in	 the	 cell.	The	TPI	was	
calculated	for	every	pixel	in	the	mapped	area	from	a	30-	m	resolution	









classified	 as	 “complex,”	 the	 others	 as	 “level,”	The	 average	 rainforest	
density	in	the	northern	Kimberley	was	then	calculated	for	each	geo-
logic	substrate	and	TPI	based	on	the	rainforest	density	grid.












the	 biggest	 island	 hence	 the	maximum	 distance	 from	 the	 coastline	
on	islands),	and	geology	developed	on	basalt,	laterite,	or	coastal	sedi-
ments.	 Islands	and	coastal	 areas	of	 the	northern	Kimberley	 are	flo-












cell	 of	 the	 rainforest	 density	 grid,	 the	 area-	weighted	 proportion	 of	
























used	 the	 compound	 Poisson-	gamma	 distribution,	 included	 in	 the	
tweedie	family	of	distributions,	which	allows	regression	modeling	of	
zero-	inflated	positive	continuous	data	(R	packages	“tweedie”	[Dunn,	
2014]	 and	 “statmod”	 [Smyth,	Hu,	Dunn,	 Phipson,	&	Chen,	 2015]).	
To	 assess	 the	 importance	 of	 each	 variable,	 we	 calculated	 Akaike	
weights	 (wi),	which	 represent	 the	probability	 that	a	given	model	 is	
the	best	in	the	candidate	set	(Burnham	&	Anderson,	2004).	We	then	
calculated	variable	 importance	(w+)	as	the	summed	wi	of	the	mod-
els	 in	which	 the	variable	occurs.	w+	values	higher	 than	0.73	were	
considered	 to	 indicate	 that	 the	variable	 is	 a	 statistically	 important	
predictor	 (Murphy	 et	al.,	 2010).	Model	 summaries	 are	 provided	 in	
Appendix	S2.
When	 comparing	 mainland	 versus	 islands,	 we	 examined	 dif-
ferences	 in	 rainforest	 density	 and	 fire	 activity	 between	 locations,	
testing	 for	 the	 factors	 insularity	 (island	 or	 mainland)	 and	 terrain	
(complex	 or	 level).	 To	 do	 so,	we	 employed	 GLMs,	 using	 the	 com-
pound	Poisson-	gamma	distribution	 for	both	 rainforest	density	 and	
fire	activity,	complete	subset	regression,	and	model	selection	based	


























Australia	 and	 minimum	 in	 the	 Northern	 Territory	 (Figure	3c,d),	





were	 also	 positively	 correlated.	 Potential	 evapotranspiration	 was	










points	 (95%	 for	 both	 producer’s	 and	 user’s	 accuracy),	meaning	 few	
savanna	points	were	mistaken	for	rainforest.	We	attribute	the	lower	
producer’s	 and	 user’s	 accuracy	 for	 rainforests	 (83%	 and	 82%,	 re-
spectively)	to	the	floristic	composition	of	the	monsoon	vine	thickets,	





ing	10,300	ha,	equivalent	 to	0.82%	of	 the	mapped	 land.	Patch	size	
ranged	from	0.1	to	220	ha	and	averaged	1.6	ha	±	0.1	(SE).	Seventy-	
five	percent	of	patches	were	smaller	than	1	ha,	and	only	2.5%	were	







Rainforest	 density	 was	 strongly	 dependent	 on	 both	 terrain	
(w+	=	1.00)	 and	 geology	 (w+	=	1.00);	 average	 rainforest	 density	was	
higher	on	relatively	fertile	substrates	(laterite,	coastal	sediments,	and	
basalt),	and	lower	on	alluvium	and	colluvium	and	infertile	sandstone	
(Figure	7a).	 Average	 rainforest	 density	 was	 also	 higher	 in	 complex	
terrain	 such	 as	 ridges,	 slopes,	 and	 valleys	 and	 lower	 on	 level	 areas	
(Figure	7b).	The	model	including	geology	and	terrain	explained	32.1%	
of	 the	 deviance.	 The	 preference	 for	 relatively	 nutrient-	rich	 geology	
was	 independent	 on	 terrain,	 as	 on	 both	 level	 and	 complex	 terrains	












































in	northern	Australia	since	the	1940s	 is	 the	key	driver	of	 rainforest	
patch	 expansion	 (Banfai	 &	 Bowman,	 2007;	 Bowman	 et	al.,	 2001).	



















throughout	much	 of	 the	 tropics	 globally,	which	 suggests	 that	 in	 all	
but	arid	tropical	regions,	climate	alone	is	not	the	only	factor	control-
ling	rainforest	distribution	 (Staver	et	al.,	2011b).	 In	Brazil,	 for	exam-
ple,	 small	 patches	 of	 deciduous	 and	 semi-	deciduous	 rainforests	 are	
interspersed	in	a	matrix	of	savanna	plants	 (Cerrado)	or	thorn	scrubs	
(Caatinga)	and	are	 restricted	 to	slopes	and	moist,	nutrient-	rich	sites	












underlying	mechanism	 is	probably	 the	effect	of	 increased	 fertility	 in	
enhancing	plant	growth,	allowing	trees	to	reach	the	threshold	size	that	
triggers	the	switch	from	savanna	to	rainforest	through	grass	shading	
(Hoffmann,	Geiger,	et	al.,	2012;	Murphy	&	Bowman,	2012).	 It	 is	 im-







There	was	 only	 partial	 support	 for	 our	 third	 hypothesis	 that	 in-






(Bond,	Midgley,	Woodward,	 Hoffman,	 &	 Cowling,	 2003).	 Rainforest	
species	are	typically	less	fire	tolerant	than	savanna	species	due	to	thin-
ner	bark	 and	 less	developed	post-	fire	 recovery	mechanisms	 (Lawes,	









































Level terrain Complex terrain w+
Mainland Islands Mainland Islands Terrain Insularity
Fire	activity	(average	times	burnt	per	
year	±	SE)
0.26	±	0.01 0.08	±	0.01 0.27	±	0.01 0.05	±	0.00 0.48 1.00
Rainforest	density	(ha/km2	±	SE) 0.30	±	0.06 6.81	±	0.73 4.29	±	0.42 19.69	±	0.88 1.00 1.00
The w+	indicates	the	statistical	support	for	the	terms	terrain	and	insularity	when	comparing	mainland	and	islands	(full	results	are	presented	in	Appendix	S2).
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5  | CONCLUSION
We	have	shown	that	the	density	of	monsoon	rainforest	in	the	north-
western	 Australian	 savanna	 is	 affected	 by	 moisture	 availability,	





in	 explaining	 the	 distribution	 of	 rainforests.	 To	 do	 this	 demands	
analysis	 of	 vegetation	 boundary	 dynamics	 coupled	 with	 contrasts	
of	 substrate	 type	 and	 fire	 history.	 This	 can	 be	 achieved	 through	
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